Introduction {#cti21097-sec-0005}
============

IL‐3 is a multi‐potent haematopoietic growth factor that contributes to the maturation and survival of a number of immune cell types. The role of IL‐3 in systemic lupus erythematosus (SLE) has been less studied compared to other cytokines, such as type I interferon (IFN) or B‐cell‐activating factor (BAFF), which are known to be mediators of pathogenesis. One previous study found elevated serum IL‐3 levels in SLE patients who were naïve to treatment with immunosuppressive drugs.[1](#cti21097-bib-0001){ref-type="ref"} Recent studies of murine lupus have more directly identified a role for IL‐3. In the MRL/*lpr* murine lupus model, IL‐3 administration exacerbated nephritis, and IL‐3 blockade alleviated disease and decreased autoantibody production.[2](#cti21097-bib-0002){ref-type="ref"} Plasma levels of IL‐3 increased during disease progression in these mice, and IL‐3 was produced by CD4^+^ T cells derived from the spleen and bone marrow, and by CD8^+^ T cells derived from the spleen. Recently, a therapeutic monoclonal antibody that neutralises IL‐3 and also depletes CD123^+^ cells was shown to decrease cell types (plasmacytoid dendritic cells \[pDCs\] and basophils) and cytokines implicated in the pathogenesis of SLE, including type I and III IFNs, in primary cells from SLE patients.[3](#cti21097-bib-0003){ref-type="ref"} These data raise the possibility of using IL‐3 blockade as a therapeutic strategy in SLE.

Here, we report an association between serum IL‐3 and IFN (IFNα and type III), and a dual IL‐3/IFN gene signature in whole blood from patients with SLE. This association suggests that SLE patients may benefit from therapeutic targeting of both IL‐3 and IFN.

Results {#cti21097-sec-0006}
=======

Demographic and clinical characteristics {#cti21097-sec-0007}
----------------------------------------

Systemic lupus erythematosus donors in the serum (Supplementary table [3](#cti21097-sup-0003){ref-type="supplementary-material"}) and transcriptional profiling (Supplementary table [4](#cti21097-sup-0003){ref-type="supplementary-material"}) cohorts were similar, with a female predominance and heterogeneous disease manifestations, mainly affecting the cutaneous, musculoskeletal and immunological systems. SLE patients were taking a range of immunomodulatory or immunosuppressive medications. Healthy donors were age and sex matched to each cohort, with donor characteristics presented in Supplementary table [5](#cti21097-sup-0003){ref-type="supplementary-material"}.

Correlation in peripheral blood between serum IL‐3 and type I and type III IFN levels, and between pDCs and basophils {#cti21097-sec-0008}
---------------------------------------------------------------------------------------------------------------------

Twenty‐five (of 42) SLE and 22 (of 44) healthy donors had detectable serum IL‐3 levels. Mean serum IL‐3 levels were not significantly higher in patients with SLE (272 ± 77 \[SEM\] pg mL^−1^, range 7.8--2000 pg mL^−1^) compared to healthy donors (400 ± 97 pg mL^−1^, range 7.8--2000 pg mL^−1^, *P* = 0.840; Figure [1](#cti21097-fig-0001){ref-type="fig"}a). There were no significant correlations between IL‐3 levels and higher disease activity (as defined by a SLEDAI ≥ 6, low complement or high anti‐dsDNA antibody levels, or raised inflammatory markers), or with disease manifestations or medication use in the SLE donors.

![Serum IL‐3 levels correlate with IFNα and type III IFN in SLE patients and healthy donors. (**a**) Serum IL‐3 levels in SLE (*n* = 42) and healthy (*n* = 44) donors. Serum IL‐3 and IFNα levels in (**b**) SLE (*n* = 42) and healthy (*n* = 44), (**c**) SLE only and (**d**) healthy only, donors. Serum IL‐3 and type III IFN levels in (**e**) SLE (*n* = 36) and healthy (*n* = 37), (**f**) SLE only and (**g**) healthy only, donors. (**h**) Serum IFNα levels in SLE (*n* = 42) and healthy (*n* = 44) donors. (**i**) Serum IFNλ levels in SLE (*n* = 37) and healthy (*n* = 36) donors. Cytokine levels were determined by ELISA. Correlations were determined by the Spearman test. Data are depicted as mean ± SEM. *n* = 2 technical replicates.](CTI2-8-e01097-g001){#cti21097-fig-0001}

Serum IL‐3 levels positively correlated with serum IFNα in both SLE and healthy donors (*r* = 0.612, 95% CI 0.455--0.733, *P* \< 0.0001; Figure [1](#cti21097-fig-0001){ref-type="fig"}b), although the correlation was weaker in patients with SLE (*r* = 0.376, 95% CI 0.072--0.616, *P* = 0.014; Figure [1](#cti21097-fig-0001){ref-type="fig"}c) compared to healthy (*r* = 0.784, 95% CI 0.629--0.879, *P* \< 0.0001; Figure [1](#cti21097-fig-0001){ref-type="fig"}d) donors. An association was also found between IL‐3 and type III IFN levels (*r* = 0.585, 95% CI 0.406--0.720, *P* \< 0.0001; Figure [1](#cti21097-fig-0001){ref-type="fig"}e), which was present in both SLE (*r* = 0.666, 95% CI 0.432--0.816, *P* \< 0.0001; Figure [1](#cti21097-fig-0001){ref-type="fig"}f) and healthy (*r* = 0.515, 95% CI 0.213--0.724, *P* = 0.001; Figure [1](#cti21097-fig-0001){ref-type="fig"}g) donors. There was no significant difference in IFNα and type III IFN levels between SLE and healthy donors (Figure [1](#cti21097-fig-0001){ref-type="fig"}h and i, respectively).

A weaker correlation was seen between IL‐3 and IL‐4 levels (*r* = 0.279, 95% CI 0.038--0.489, *P* = 0.021; Supplementary figure [1](#cti21097-sup-0001){ref-type="supplementary-material"}a), and between IL‐3 and IL‐5 levels (*r* = 0.255, 95% CI 0.012--0.469, *P* = 0.035) in both SLE and healthy donors (Supplementary figure [1](#cti21097-sup-0001){ref-type="supplementary-material"}b). There were no statistically significant correlations between IL‐3 and BAFF, IFNγ, GM‐CSF, G‐CSF, Flt‐3l, IL‐2, IL‐6, IL‐13, IP‐10 or TNF in either group.

In SLE patients, there were moderate positive correlations between serum IL‐3 levels and pDCs (as % total WBC; *r* = 0.409, 95% CI 0.071--0.662, *P* = 0.016; Supplementary figure [2](#cti21097-sup-0002){ref-type="supplementary-material"}a), and basophils (as % total WBC, *r* = 0.372, 95% CI 0.029--0.637, *P* = 0.030; and as a count mL^−1^, *r* = 0.394, 95% CI 0.053--0.651, *P* = 0.021; Supplementary figure [2](#cti21097-sup-0002){ref-type="supplementary-material"}b and c). These correlations could reflect the reliance of pDCs and basophils on IL‐3 as a survival factor,[5](#cti21097-bib-0005){ref-type="ref"}, [6](#cti21097-bib-0006){ref-type="ref"} but similar significant positive correlations were not found in the healthy donor population (conversely, a negative correlation for pDCs as a count mL^−1^ was found; *r* = −0.347, 95% CI −0.616 to −0.005, *P* = 0.041). There were no significant correlations between IL‐3 levels and T‐cell numbers or percentages, in SLE or healthy donors.

IL‐3 gene signature differentiates SLE and healthy donors {#cti21097-sec-0009}
---------------------------------------------------------

To search for a potential 'IL‐3 gene signature', those genes altered in response to IL‐3 stimulation *in vitro* were determined by RNAseq analysis of WBCs from seven healthy donors stimulated with, or without, IL‐3, for 6 or 24 h. Using an FDR of \< 0.05, and ≥ 2‐fold change in gene expression as thresholds, there were 794 differentially expressed genes (650 upregulated, 144 downregulated), inclusive of both time points (Figure [2](#cti21097-fig-0002){ref-type="fig"}a). Of these, 152 were differentially expressed at both time points, 592 at 24 h only, and 50 at 6 h only. The top 10 differentially expressed genes at 6 and 24 h are shown in Supplementary tables [6](#cti21097-sup-0004){ref-type="supplementary-material"} and [7](#cti21097-sup-0005){ref-type="supplementary-material"}.

![IL‐3 gene signature differentiates SLE and healthy donors. (**a**) Numbers of differentially expressed genes between IL‐3 stimulated (for 6 or 24 h) and non‐stimulated, whole blood cells from healthy donors (*n* = 7), as analysed by RNAseq. Numbers enclosed within the circles represent genes that were differentially expressed (FDR \< 0.05), with at least a 2‐fold change in gene expression. (**b**) Heat map showing expression of IL‐3‐regulated genes in SLE (*n* = 31) and healthy (*n* = 28) donors, as determined by RNAseq analysis of donor whole blood cells. (**c**) IL‐3 gene signature score, derived as the first principal component of the IL‐3 gene signature expression levels for each SLE and healthy donor individually. Data are shown as mean ± SEM, \* *P* \< 0.05. *n* = 2 technical replicates.](CTI2-8-e01097-g002){#cti21097-fig-0002}

Thirty‐five of these genes were also found to be differentially expressed (with a fold change of ≥ 2) between SLE and healthy donor whole blood cells (WBCs) by RNAseq analysis (Supplementary table [8](#cti21097-sup-0006){ref-type="supplementary-material"}). These 35 genes were more highly expressed in all but four of the SLE donors, but in only six of the healthy donors (Figure [2](#cti21097-fig-0002){ref-type="fig"}b), suggesting the presence of an 'IL‐3 gene signature' in most SLE donors. Additionally, the mean IL‐3 gene signature score, derived as the first principal component of the genes in the signature (shown in green in Figure [2](#cti21097-fig-0002){ref-type="fig"}b), was significantly higher in SLE patients than in healthy donors (Figure [2](#cti21097-fig-0002){ref-type="fig"}c).

Correlation of IL‐3 gene signature with IFN gene signature {#cti21097-sec-0010}
----------------------------------------------------------

Given the association of IL‐3 and IFN levels in the serum, a possible association at the transcriptional level in whole blood cells was explored. An 'IFN gene signature' (*EPST11, ISG15, HERC5, IFI44, OAS3, OAS1, LY6E, CMPK2, RSAD2, IFI44L, IFIT1, IFIT3, USP18, SIGLEC1, IFI27, OTOF*)[7](#cti21097-bib-0007){ref-type="ref"}, [8](#cti21097-bib-0008){ref-type="ref"}, [9](#cti21097-bib-0009){ref-type="ref"}, [10](#cti21097-bib-0010){ref-type="ref"} that differentiated most SLE from most healthy donors was determined by hierarchical clustering and pathway analysis of the 500 most variably expressed genes in SLE donors (Figure [3](#cti21097-fig-0003){ref-type="fig"}a), that is those genes that were most differentially expressed in SLE patients compared to healthy donors and were known interferon‐inducible genes per the Interferome database.[7](#cti21097-bib-0007){ref-type="ref"}

![Correlation between IL‐3 and IFN gene signature scores in SLE and healthy donors. (**a**) Heat map showing expression of IFN‐regulated genes (*EPST11, ISG15, HERC5, IFI44, OAS3, OAS1, LY6E, CMPK2, RSAD2, IFI44L, IFIT1, IFIT3, USP18, SIGLEC1, IFI27, OTOF*) in SLE (*n* = 31) and healthy (*n* = 28) donors, as determined by RNAseq analysis of donor whole blood cells, and hierarchical clustering of the 500 most variably expressed genes (based on standard deviation) in SLE donors (FDR \< 0.05). (**b**) IFN and IL‐3 gene signature scores in SLE (*n* = 31) and healthy (*n* = 28) donors, as determined by RNAseq analysis of donor whole blood cells. IL‐3 and IFN gene signature scores were determined by taking the first principal component of the panel of genes comprising each gene signature. Correlation was determined by the Spearman test, *P* \< 0.05. *n* = 2 technical replicates.](CTI2-8-e01097-g003){#cti21097-fig-0003}

Single gene scores for both the IL‐3 and IFN gene signatures were determined for each SLE patient and healthy donor, as the first principal component[11](#cti21097-bib-0011){ref-type="ref"} from each gene signature. A strong correlation between IL‐3 and IFN gene signature scores was found (*r* = 0.939, 95% CI 0.898--0.964, *P* \< 0.0001; Figure [3](#cti21097-fig-0003){ref-type="fig"}b).

Discussion {#cti21097-sec-0011}
==========

We have shown a correlation between IL‐3 and IFN, in two separate cohorts of SLE patients and healthy donors, using serum cytokine analysis and transcriptional profiling of WBCs. This correlation has not previously been described in SLE, or in other diseases, and was evident even though mean IL‐3 levels in the serum were not elevated in SLE patients compared to healthy donors.

The correlation between IL‐3 and IFN (IFNα and type III) may be partly explained by the survival effect of IL‐3 on pDCs,[5](#cti21097-bib-0005){ref-type="ref"} which produce both these types of IFN; a moderate correlation between serum IL‐3 levels and the number of pDCs in peripheral blood was also observed in this study. Recently, IL‐3 was found to enhance IFNα production by pDCs from healthy donors stimulated with RNA‐containing immune complexes.[12](#cti21097-bib-0012){ref-type="ref"} Whether IL‐3 increased IFNα production through enhancing pDC survival, or via another mechanism, was not elucidated in that study, but the upregulation of known IFN‐inducible genes in response to IL‐3 may also contribute to our findings. Of interest in that study, GM‐CSF also potently increased pDC‐derived IFNα production,[12](#cti21097-bib-0012){ref-type="ref"} independent of pDC proliferation. Supernatant from T cells activated with CD3/CD28 was also able to stimulate IFNα production from pDCs, in both SLE and healthy donors. Depletion of GM‐CSF from the activated T‐cell supernatants reduced the stimulatory effect of the T‐cell supernatants on pDC‐derived IFNα production, as did blockade of the GM‐CSF receptor and shared β subunit of the GM‐CSF and IL‐3 receptors. In contrast, depletion of IL‐3 or blockade of the IL‐3 receptor alone did not, indicating that T‐cell‐derived GM‐CSF may play an important role in this interaction. However, in our study, a correlation between serum GM‐CSF and IFNα was not observed. A weak correlation of IL‐3 with IL‐4, and with IL‐5, was evident in our study, as was a positive correlation between IL‐3 and basophil numbers. A potential explanation could be the survival effect of IL‐3 on basophils, which have been postulated to contribute to SLE by elaborating Th2 cytokines (such as IL‐4 and IL‐5) when activated by IgE‐containing immune complexes.[13](#cti21097-bib-0013){ref-type="ref"}

Although type I IFNs are well‐known pathogenic cytokines in SLE, data suggesting dysregulation of type III IFNs in SLE have only emerged recently. There are four subtypes of type III IFN -- IFNλ1 (IL‐29), IFNλ2 (IL‐28A) and IFNλ3 (IL‐28B) and IFNλ4.[14](#cti21097-bib-0014){ref-type="ref"} In our study, we have measured the combined levels of IFNλ1‐3, but not IFNλ4. It is possible that delineating the different subtypes of type III IFN may reveal correlations with disease parameters, as each subtype may play a different role in disease. For example, serum IFNλ1 levels have previously been associated with the presence of anti‐dsDNA antibodies, glomerulonephritis and arthritis,[15](#cti21097-bib-0015){ref-type="ref"} and elevated IFNλ2 m*RNA* transcripts have been found in activated CD4^+^ T cells from lupus patients compared with healthy controls.[16](#cti21097-bib-0016){ref-type="ref"} Another potential limitation of this study is the possible influence of background therapies on cytokine levels and gene expression in the SLE patients. Although we could not detect any correlation between IL‐3 and particular medications, the relatively small numbers of patients on individual immunosuppressants made assessment for this potential confounding factor difficult.

The presence of an IFN gene signature in SLE is well known and may predict more responsiveness to anti‐IFN therapies.[17](#cti21097-bib-0017){ref-type="ref"} In this study, we have found an IL‐3 gene signature occurring concurrently with an IFN gene signature in the majority of SLE patients, which may be partly due to the presence of a large number of IFN‐inducible genes in response to IL‐3 stimulation. The findings from this study raise the possibility that those with a dual IFN/IL‐3 gene signature may derive additional therapeutic benefit from blockade of both IL‐3 and IFN.

Methods {#cti21097-sec-0012}
=======

Serum cytokine analysis, and quantification of peripheral blood cell types, was performed in SLE patients from The Royal Melbourne Hospital, and on healthy donors from The Walter and Eliza Hall Institute\'s Volunteer Blood Donor Registry.

RNAseq analysis of IL‐3 upregulated gene expression was performed on whole blood cells collected from healthy donors in The Walter and Eliza Hall Institute\'s Volunteer Blood Donor Registry.

Differential gene expression between SLE donors from The Monash Lupus Clinic and healthy donors from The Skin and Cancer Foundation was determined by RNAseq analysis of donor whole blood cells.

The study was conducted with approval from the Human Research Ethics Committees of each institution, and all donors gave written consent prior to study participation. Donors were ≥ 18 years old, and SLE donors fulfilled the ACR (American College of Rheumatology)[4](#cti21097-bib-0004){ref-type="ref"} classification criteria for SLE.

Experimental methods and bioinformatic analysis are described in further detail in the Supplementary methods. Data from RNASeq analyses have been deposited online in the Gene Expression Omnibus (accession numbers GSE110041 and GSE112087).
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